The aging of a nanocrystalline equiatomic ZnSe alloy produced by mechanical alloying was investigated using X-ray diffraction (XRD) and differential scanning calorimetry (DSC) techniques. The measured XRD patterns showed that Se atoms located at interfacial component migrated with aging giving raise to a crystalline selenium (c-Se) phase. DSC spectra of heat-treated samples at temperatures above 221 • C followed by quenching showed that the c-Se particles changed to the amorphous state. It was also observed that the as-milled and aged samples are highly hydrophilic. The lattice parameters and the average crystallite sizes were calculated as a function of time of aging and temperature of heat treatment.
Introduction
Due to their physical and chemical characteristics, selenium-based alloys are very important from technological and scientific points of view, mainly those alloys containing germanium or zinc because of their very interesting optical properties. For example, zinc selenide (ZnSe) is used in infrared lenses field. More recently, researches on semiconductor quantum dots have shown that it can also be used in short-wavelength visible-light laser devices [1] . According to them, the use of ZnSe in this field needs that the alloy is synthesized in nanometer form, with crystallite sizes smaller than the ZnSe exciton Bohr diameter (≈ 90Å). For this purpose, techniques such as arrested nucleation in glasses, precipitation from sol-gel solutions and entrapment in porous sites inside zeolite cavities have been employed. These techniques, beyond expensive, are not able to full control the size of the nanoparticles obtained.
Mechanical alloying (MA) [2] has been used for almost two decades to produce many unique materials. These include, for instance, nanostructured alloys, amorphous compounds and unstable and metastable phases [1, 3, 4, 5, 6] . This method has several intrinsic advantages, like low temperature processing, easy control of composition, relatively inexpensive equipment, and the possibility of scaling up. Although the MA technique is relatively simple, the physical mechanisms involved are not yet fully understood. In order to make use of this technique in industrial applications, a better understanding of these physical mechanisms is desirable.
From a structural point of view, nanostructured materials can be regarded as being made of two components, one crystalline, with dimensions of the order of some nanometers, that preserves the structure of bulk crystal, and one interfacial, composed by defect centers. This component has caused controversy in the literature. Gleiter [7] has described it based on a gaseous model while other authors [8] disagree. The number of atoms in both components is similar [9] . Due to this fact, nanostructured material properties are strongly dependent of the interfacial component. From a technological point of view, manipulation of the interfacial component makes it possible to design materials with desired physical properties for specific applications [9, 10] .
According to the Zn-Se phase diagram [11] , there is only an equiatomic ZnSe alloy. In a recent paper [12] de Lima et al. have reported structural results obtained from the application of MA to Se x Zn 1−x mixtures (x = 20, 30, 40, 50, 70 at. %). All mixtures after milling were formed only by the equiatomic ZnSe phase and by that of the majority component. In the case of Se-rich mixtures, Se excess was found in amorphous state. More recently, in other paper [13] , de Lima et al. have reported the influence of aging in the structural properties of amorphous selenium (a-Se) produced by ball milling (BM). They have observed that part of the amorphous structure formed by chain molecules has changed to an structure consisting of Se 8 rings, which is also found in a-Se prepared by rapid quenching or vapor deposition. Due to this interesting results, here we investigate the aging of a nanostructured ZnSe alloy prepared by MA technique. To our knowledge, it is the first time that such results are reported.
Experimental procedure
A nanostructured equiatomic ZnSe sample (hereafter called ZnSe-97) was prepared by MA in 1997 following the procedure described in Ref. [12] . The X-ray diffraction (XRD) pattern measured immediately after milling was indexed to the cubic zinc selenide phase (isostructural with the structure of ZnS compound), with lattice parameter a = 5.6465Å. Then, after four years, a new XRD pattern for the ZnSe-97 sample (hereafter called aged-ZnSe-97) was measured. A comparison of these two XRD patterns shows important differences that will be discussed later.
To ensure reproductibility, a new equiatomic ZnSe sample (hereafter called ZnSe-01) was prepared by MA in 2001 following the same procedure used to produce ZnSe-97. Its measured XRD pattern is identical to that recorded for the as-milled ZnSe-97 sample. Thus, it will not be considered anymore.
In order to understand the changes observed in the XRD patterns with aging, small quantities of the aged-ZnSe-97 sample were heat treated at 196
• C and 350
• C in quartz capsules containing argon. Only the sample heated at 350
• C was quenched. The other was air-cooled. During the heat treatment at 350
• C, formation of water drops at the inner walls of the capsule was observed, indicating that the samples are highly hydrophilic. All heated samples were analyzed using a Rigaku powder diffractometer, Miniflex model, with Cu K α radiation (λ = 1.5418Å) and a 2010 Differential Scanning Calorimetry (DSC) cell, manufactured by TA Instruments, in a flowing argon atmosphere.
Results and discussion
The measured XRD patterns for ZnSe-97, aged-ZnSe-97 and pure crystalline selenium (c-Se) are shown in Figs. 1.a, 1.b and 1.c, respectively. A comparison of the XRD pattern seen in Fig. 1 .a with that shown in the JCPDS card No. 37-1463 [14] confirms that the crystallographic phase presents in the asmilled ZnSe-97 sample is that corresponding to the zinc selenide compound. Fig. 1 .a also shows two peaks (marked with arrows) that do not belong to the ZnSe phase. These peaks were indexed to the ZnO phase in accordance to the JCPDS card No. 1-1136 [14] . The manipulation of the sample inside a glove box was not sufficient to avoid oxidation. Probably, the ZnO phase was formed during the XRD measurements. The refined lattice parameter and the average crystallite size of the ZnSe phase were calculated by using a fitting procedure based on a least-squares method [15] and Scherer formula [16] . The values found are given in Table 1 . Table 1 .
The presence of the ZnSe phase in both Figs. 1.a and 1.b shows that this phase is as stable as expected. The high density of interfaces (≈ 10 19 cm −3 ) in nanostructured materials implies a high density of short diffusion paths. Thus, in these materials an increased diffusivity is expected in comparison with single crystals and polycrystals with the same chemical composition. For example, according to Birringer et al. [17] , the self-diffusivity in nanocrystalline copper (80Å) at 353 K is 10 −18 m 2 /s while in the lattice its value is 10 −34 m 2 /s. Thus, the appearance of c-Se can be attributed to atomic migration and, consequently, segregation of Se atoms present in the interfacial component. From this result, it is important to observe that the atomic migration process has occurred at room temperature. Similar process was observed in amorphous selenium produced by BM [13] . Figures 2.a and 2 .b show the measured DSC spectra for the ZnSe-97 and aged-ZnSe-97 samples, respectively, with a heating rate of 10
• C/min. Both curves show endothermic peaks. In Fig. 2 .a they are located at 75
• C and 310
• C while in Fig. 2 .b they are located at 100
• C, 200
• and 300
• C. During the heat treatment at 350
• C it was observed the formation of water drops at the inner walls of the capsule. Then, the endothermic peaks around 75-100
• can be explained by the release and vaporization of adsorbed water at the surface and inside of the crystallites. The increase in the intensity of the peaks in the DSC spectrum corresponding to the aged-ZnSe-97 sample is due to the quantity of water adsorbed during aging. The endothermic peak at around 200
• C seen in Fig. 2 .b can be due to the small quantity of interfacial cSe phase formed during aging, which is confirmed by the XRD pattern shown in Fig. 1 .b. Fig. 3 .a with that of the aged-ZnSe-97 sample displayed in Fig. 1 .b reveals that the heat treatment at 196
• C has caused a slight improvement in the crystallinity of the ZnSe phase, as it can be seen by comparing the lattice parameters and average crystallite size values given in Table 1 . Comparing Figs. 3.a and 3 .b, it can be seen that the heat treatment at 350
• C has caused important structural changes. It can be noted the full disappearance of c-Se peaks and an improvement in the crystallization of the ZnSe phase. The presence of ZnO phase in the XRD pattern after the heat treatment done at 350
• C is due to the high melting point of this phase (1972 • C). The disappearance of the peaks related to the c-Se phase can be explained by the following argument: at 350
• C, the particles of c-Se located at the inter-facial component are molten (c-Se melting point occurs at 221 • C). Since the sample was quenched, they remain in the amorphous state. This is confirmed by the measured DSC spectrum for this quenched sample, which is shown in Fig. 2 .c. It can be seen two peaks in this curve: an exothermic peak located at 130
• C and an endothermic one situated at 200 • C. de Lima et al. [13] have attributed the first peak to the crystallization of a-Se to its trigonal (hexagonal) crystalline phase. The second peak can be attributed to the melting of that c-Se phase formed at 130
• C in the interfacial component during the measurement. 
Conclusion
The influence of aging in a nanocrystalline equiatomic ZnSe alloy prepared by MA was investigated. Based on the results found, we can conclude that:
(1) The nanocrystalline equiatomic ZnSe alloy produced by MA is as stable as those prepared by using other methods (melting, for instance). (2) Due to the interfacial component characteristics already described in the text, the room temperature energy (≈ 0.025 eV) is sufficient to instigate migration of Se atoms located at this component. This fact causes nucleation and growing of c-Se particles, as it could be seen in the agedZnSe-97 XRD pattern. This result had not been observed and reported yet. (3) The structural parameters (lattice parameter and average crystallite size) of the nanocrystalline equiatomic ZnSe alloy produced by MA improve with the heat treatments and they show a good agreement with the values found in the literature.
